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A porous surface of tantalum and molybdenum plates has been formed by a nanosecond laser-matter
interaction in the “semiconfined configuration,” in which the laser plasma is trapped between the
target and the transparent cover plate. The evolution of the plasma cloud and the pressure above the
surface induce a superheated state in the liquid surface layer. Explosion of the plasma disk and
formation of a cylindrical blast wave drive the superheated metastable fluid toward the spinodal, i.e.,
to the point of absolute thermodynamic instability. Phase explosion of a spinodal fluid occurs
through the cascade of bubblings and generates a very porous spongelike siffacgm thick

(in some cases evenl0 um), which stays frozen permanently because of ultrafast cooling at the
end of the laser pulse. The total area of the porous surface is enlart@dimes at the microscale

range. At even larger magnification, a different, nanoscale-type porosity has been obseP¢ih ©
American Institute of PhysicDOI: 10.1063/1.1884755

I. INTRODUCTION studied the ablation and the phase explogi®B) from vari-
ous aspects, i.e., for growing high-superconducting thin

The technological importance of porous metals andilms, for the study of deposition of particulates with respect
metal surfaces is well known for catalysis and for chemicako homogeneity of the film, the size and velocity distribution
processind:* Among other technological applications one of atomized matter, and clusters and particulates emitted
should mention electrolysis and electrochemical processefrom metals and dielectrics. Singtt al,tt Bhattacharyaet
applications to fuel cells, eftRecently, applications have al,'? and Dyeret al® studied surface superheating of yt-
emerged in dentistry and other medical fields, e.g., the jointrium barium copper oxideYBCO) experimentally and
ing of bone tissue and the implant surféce. theoretically. Their theoretical analysis was based on the so-

Difficulties in generating porous metal surfaces, espetution of the one-dimensionallD) heat-flow equation and
cially of refractory metals, such as Ti, Ta, Mo, and W, areon the postulation of the mass removal caused by subsurface
well known, since these metals have very high melting anduperheating and explosive boiling.
boiling points, Ty, and Tg, respectively. In the case of Mo, Miotello and Kelly** argued against the boundary condi-
Ta, and W,Tg reaches 5000 K, a temperature that can hardlftions used in Refs. 11 and 12 for the derivation of surface
be reached by a classical production technology. Usuallytecession velocity and showed that the subsurface tempera-
sintering of metal powders is applied, as well as gaseous jetgre gradient should be smafl.They supported a model of
at elevated temperatures blowing through melted metals. explosive boiling based on a two-phadiguid droplets va-

We show that porous, spongelike surfaces of Ta and Mgor) system* They showed that explosive boilif@E) was
can be generated by nanosecond laser-matter interactioassociated with surface and not with the subsurface super-
(nsLMls) with high-power lasers, under special experimentalheating. This model has been widely accepted, for example,
conditions. Very porous metal surfaces are produced in lasef was utilized in recent work of Yoet al,'® who studied PE
ablation experiments performed in a special experimentgh silicon.

configuration, which we call “semiconfined,” in which a la- Other types of laser ablation experiments are those per-
ser beam illuminates the target through a transparent covggrmed in the “confined” configuration, in which the target
plate positioned slightly above the target. surface is covered by a transparent plastic layer coated

Laser ablation of solid materials has found applicationsyosited directly on the surface. In this way laser plasma
in a growing number of areas ranging from deposition ofcannot expand in the space above the target, which generates
materials(metal and dielectric films™® solid sampling for 4 very large pressure shock. These experiments make pos-
chemical analysié to ablative laser space propulsidihis  sjble the study of direction dependence of shock due to an-
type of laser ablation has been performed in the “unconisotropy in crystalline matter, of ultrafast large amplitude

fined” configuration that makes possible free plasma expanstryctural dynamics under high pressure, etc. Such a series of
sion either in vacuum or in the low-pressure gaseous atMQsxperiments was performed by DIdft.

102 3 9,10 ) . .
sphere from~10“ to 10 Torr.™" Many authors have We have performed laser ablation experiments in the
semiconfined configuration, in which the transparent cover
¥Electronic mail: lugomer@rudjer.irb.hr plate is positioned slightly above the target surface. The ab-
0021-8979/2005/97(7)/073305/8/$22.50 97, 073305-1 © 2005 American Institute of Physics
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lated plasma has very limited space to expand, and is effec-
tively trapped between the target surface and the cover plate.
Since the expansion is prevented by the semiconfined con-
figuration, the pressure increases driving the liquid surface
layer into the superheated state, i.e., into the metastable lig-
uid phase. At the moment when the plasma disk reaches the
detonation threshold, explosion occurs, thus generating a
quasi-two-dimensional2D) blast wave:® The abrupt in-
crease of pressure pushes the superheated liquid layer toward
the spinodal(the point of absolute thermodynamic instabil-
ity) and triggers the explosive phase transition of a spinodal
fluid into the gaseous phase through the cascade of bubblings
and bubble explosionjﬁ. Bubble explosions form porous,
spongelike target surface morphology. This paper describes
the result of such experiments.

Il. EXPERIMENT

The experiments were performed using a single pulse ofig. 1. SEM micrograph of the tantalum target after plasma explosion and
a Q-switched ruby laser (Ec~5 J/cnf, P,~1.7  formation of a blast wave caused byQeswitched ruby laser in a “semicon-
X 10 W/cm?, 7=30 ns,A=694 nn) and by aQ-switched fined” configuration. Notice that central crater has not been formed. Radial
. . pe ' . jetting extending from the blast-wave envelope is clearly sdearger mag-
Nd'ytmum aluminum game(YAG) laser (ES 10 J/CfT"f, nification of the periphery region reveals the breakup of jets into strings of
Ps~2.5X 10 W/cn?, 7=40 ns\=1.06 um). Tantalum and drops. The greatest number of drops are regularly ordered in string forma-
molybdenum plates of X 1x 0.1 cny, as very hard materi- tions, and only a small part ejected from the center of the spot is irregularly
als with high melting and boiling points, were used as tar-distributed)
gets. To generate conditions of very high temperature and
pressure, the target was illuminated in the semiconfined corphase explosion in the center of the spot. Radial jetting and
figuration through a transparent quartz plate positionedhe jet instability resulting in the formation of a string of
slightly above the target surface. drops have not been observed.

A. Microscale morphology
1. Porous surface structures

Surface mlorphollogy formgd on the Ta target in the semi— The surface morphology in the center of the sifogs. 2
confined configuration by a single pulse of a ruby laser is;q 3 shows that smaller caverns are formed inside the

shown in Fig. 1. In contrast with the experiments in the |, ger ones through a series of bubble generation and explo-
unconfined configuration, the central circular crater has not

been formed, only a visible spot because of ablation fol-
lowed by the plasma explosion and the formation of a blast
wave. The fingerprint of the plasma explosion associated
with strong radial jetting is clearly seen. Radial jets, extend-
ing from the blast-wave envelope into the periphery region
of the spot, are broken up into strings of drops as a result of
the jet instability. The arrangement of drops in the strings is
a regular one, while their size gradually decreases in the
direction of the jet. This regular arrangement indicates that
the greatest number of drops originates from the jet instabil-
ity, and only a small part is ejected from the central part of
the spot during the phase explosion. Since drops stay
frozen-in on the surface, they make possiblgosteriori
study and precise measurements at large magnificéc‘h‘blne
central part of the spot shows an unusual structure of deep
surface porosity, as clearly seen in Fig. 2.

In contrast, the experiments performed in the unconfined
configuration always result in the formation of a central cra-
ter with a slightly porous surfacg/oo et al.,*® Pakhomovet

9 12 o 1 :
al.” Bhattacharyeet al,™ Singhet al,™ and Miotello and FIG. 2. SEM micrograph of the center of the spot showing porous surface

14 - : .
Ke”y-. Part!cmates and drops observed in these experiment§med by the phase explosion of a spinodal fluid generated@spaitched
are ejected in the free space above the target surface from thi@: YAG laser on the tantalum target in a semiconfined configuration.

IIl. RESULTS AND DISCUSSION

Downloaded 06 May 2008 to 148.6.76.162. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



073305-3 Lugomer et al. J. Appl. Phys. 97, 073305 (2005)

forms a disklike highly ionized plasma layer above the
liquefied-boiling surface. The formation of the trapped
plasma disk causes a large increase of pressure and a shift of
the boiling pointTg to the higher temperatuiks,. The result

is a reduced bubble nucleation rate, suppressed boiling, and
surface superheating.

a. Surface superheating (metastable liquid surfadé)e
metastable liquefied surface layer shows a very complex be-
havior. If the metastable phase is stable enough to sustain
heterophase fluctuations during the laser pulse, the surface
vaporization represents a basic mechanism of the phase tran-
sition, since the bubble nucleation is strongly reduced or
absent>'® Absorption of laser energy then causes the shift
of the metastable phase closer to the point of absolute ther-
modynamic instabilityspinoda). Difficulties in the theoret-
ical analysis are connected with the problem of nonequilib-
rium phase transitions that have not been elucidated,
especially the problem of behavior of the superheated meta-
stable phase in the vicinity of absolute thermodynamic insta-
FIG. 3. SEM micrograph of the center of the spot showing microscalebility, because of singularity of thermodynamic functions.
porous s_urface formed by the phase explosion of a spin_odal fluid _gene_rated In such a case, when surface vaporization represents the
by Q-swm_:hed ruby laser on the molybdenum target in a semmonﬂnedbasiC mechanism of the phase transition, the behavior of
configuration. !

pressurep[ T(t)], which drives the superheated phase toward
the spinodal, is described by the system of equations derived
by Samohirf> and Samohin and Uspens#.
To find the influence of the spinodal singularities on the

sions. Three generations of bubblesascadgcan be identi-
fied in micrographs. After the explosion of the first genera-

tion, a second generation of bubbles is formed InSIdeDehavior of the surface temperaturg(t), it is necessary to

fi\:jems' ar:d th?se_ alsdo_ ?xglobde. TKIZ f:\&(\xeGrnls formed onf MRAd the temperature profile in the metastable liquid taking
ybdenum 1argets irradiated by a YAL 1aser are of &, 4ccount the volume absorption of the laser energy, and
nonequilibrium, irregular polyhedral shageig. 2), whereas

the caverns formed on tantalum targets irradiated by a rubthe boundary condition on the vaporizing surface, which
L . vaes(with respect to the fixed liquid surfacwith velocity

Ias_er are of an eq“"'b”“”_" rounded, almost spherical shapg(.ro). In the coordinate system with the origin at the vapor-
(Fig. 3. The structures with polyh?dral bubb’I,e morphologyizing surface, the boundary condition for the heat conduction
of very thin walls are known as “dry foam,” whereas the can be writtef® as
structures with spherical bubble morphology of thick walls
are known as “wet foam” or froth’?* This indicates that  Cpp(dT/dt —vp/p d TIIX) = dlax(k I TIdX)
bubbling initiated by the Nd: YAG laser at high energy den-
sity starts in a fluid layer with the dominant vapor compo- = Cop(dTIdp) 9 plot = al exp(— f adX), (1)
nent, generating thin wall caverns; bubbling initiated by the
ruby laser at lower energy density starts in a fluid layer with
the dominant liquid component, generating thick wall cav-«To/dX=gpgu, T(x,0) = T(,t) =T, 2
erns. . . . .

The cascade of bubble explosions forms a spongelikt‘e"lherm_Iaser intensity, whilay, «, &, andi C, are the co-

surface structure of Mo and Ta targets, which resembles gfflCle'nts of absorption, of the heat conduction, of the heat of

porous fractal structure called the Sierpinksi spofigéThe vaporization, and of the specific heat at constant presSure.
In the case of the free vaporization in vacuum, the vapor

thickness of this three-dimensional porous structure reaChevSelocityv is given bfe
5—7 um, but in some cases evenl0 um. Since the aver-

age bubble radius is2.5 um, and the bubble density ranges v= (PsP'/PoPih)(”VZWKTo)O'S, (3)
from ~10° to 10* in various samples, one finds that the po- _ o _ . o
rous surface of 1 chas a total area of-1 m? (the area Wherepg is the liquid density at the interface vapor/liquid,
enlargement factor is ) the equivalent expression is that M=mass of the vaporizing particles, apgf pi; indicates the

the porous surface of 14ncorresponds to a total area of difference between the vapor densjty and the density of
~1-2 football yards. the ideal gaspy [at the temperaturd, and the pressure

Po(To)]. The last term of the left side of E¢L) relates to the
aciiéabatic change of temperature with the change of pressure
p.
Assuming the nonstationary regime of vaporization, and
Strong ablation of tantalum and molybdenum causes théhe absorption coefficient=constant, one can also assume
formation of a plasma cloud. Since the expansion of thepy/p~ 1, in the convective term of Eql). Then, introduc-
plasma cloud in the semiconfined configuration is limited, iting the nondimensional unfts?®

2. Formation of the plasma disk and superheated
liquid surface
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u=T/T, (T.=critical temperature o = p/p, ized and highly absorptive. The absorption of laser energy
continues to the plasma explosion, which generates a blast
wave whose evolution dynamics and geometry depend on
the distance between the target surface and the transparent
cover plate. If the cover plate is positioned a few millimeters
poPi/Psp’ = hplypo/p’ pi, (4)  or centimeters above the target, the blast-wave geometry is
hemisphericalspherical, just as in the case of unconfined
configuratior®®*

The radiusR of the spherical blast wave is described by
oular—1Ig(aulz) -~ Cp d1d2(1k 3 uldz) ~ (aulda) 3 ol the Taylor-Sedov relatidfy***

=C,q exp(- m32), (5) R=C(E/p)*™?"5, (10)

wherem=parametele [0, 1], g=mD, du/dz,=0.81x/h, with ~ whereE; is the energy that drives the plasma explosion and
u(0,2)=u(r,z.) =U,. The functionsg andh are given b§5'26 p is the density. ThQEp/p) may be written agZeldowich

c 405 ., and Raize!® and Grunet al®)
g=hexp-1.31), h=10"uy"exd7.4u, - 1)]. (6)

. Ep/p={[75(y= D(y+ D/[16m(3y— Dpol}*®, (11
In the case when the temperature of superheating depends on ) ) ) o
pressure, the specific heat and thermal conductivity becom@herey is the adiabatic coefficient of the plasma gas, @nd
functions not only of temperature but also of pressure. ThéS @ constant, usuall£~ 1.7 If the cover plate is located

T= az)(lt, Z= ax,

D=lax,Te, 0= ayilv=ayx,(2aKTu/m)°S,

x=«l/Cpp (thermal diffusion, h=function given below, Eq.
(1) can be writtef®?° as

i wave evolution is spheroidal, or better, the oblate spheroid.
o=plp.=0.97.41~-uy)]. () However, if the transparent cover plate is positioned a

On the basis of the above relations, the singular behavior JEW tens or hundreds of micrometers above the target, the
the functionsC, and «, approaching the spinodal, is de- blast wave is formed in a semiconfined configuration with

scribed by the approximate expressioré the limited possibility for evolution. In this configuration, the
10 0.6 blast wave evolves into a cylindrical slab, the radius of
Co=f" «k=1% (8 which is also descsri?zed by the Taylor—Sedov relation for cy-
where the functiorf is given by>%° lindrical geometry,”
f={1-exd- 104(UL — U)4T}025, (9) R= C(Ep/p)lmtll5 (12
whereu, =(To-T)/T,. or in the extended forfi

~ The functipnsC;l and K‘_l are the approximate expres- R={[4(y- D(y+ 1?[7(3y- D IW4E/p) Y42, (13
sions of the singular behavior of the specific heat and ther- . o
mal conductivity near the spinodal, respectively, while the'WhereE(J) is the laser energy deposited in the spot. Assum-

function g/h describes the discrepancy of the real fluid with "9 that the blast-wave expansion occurs20 ns, assum-
respect to the ideal orfé®

ing p~ 1(kg/m®), and the coefficient of adiabatic expansion,
The model predicts nonstationary vaporization with the
oscillatory behavior of pressufé.The time scale of super-

v=1.4, one finds for the blast-wave radius from E#3),
R~2600um, in good agreement with the measured value

heating and vaporization extending from the nanosecond t&~2850xm. (Fig. 1). The supersonic blast wave travels at
the microsecond time scale is somewhat too long for thi& velocity of ~10° cm/s and increases the pressure up to
experiment. ~30.kbar~ (30X ;fggtmosphere)s—roughly estimated on
Since ionized vapor cannot expand freely in the semithe literature basit
confined configuration, pressure increases abruptly and trig- ) ) ] ]
gers the transformation of the superheated liquefied surfacg SPinodal explosion of a liquefied surface layer
layer into a dielectrié”*® i.e., the inverse Mott transition. The very high peak pressure generated by the blast wave
Thus, the superheated layer becomes transparent and makk#/es the metastable layer to the spinodal, i.e., to the point
possible a deep volume absorption of the laser beam. Thef absolute thermodynamic instability. The transition from
vapor pressure above the surface that prevents boiling causttee superheated, metastable liquid phase into the gaseous
superheating of the whole heated volume. In the semicorphase is described by van der Waals equations. These equa-
fined configuration a large depth ef10 um was reached tions form the “cusp catastrophe,” with temperature and
with the laser power density of only 4@V/cn? (determined  pressure as the conflicting control parameters and with den-
from the thickness of the porous layeFor comparison, the sity as the behavior axis. In the usual representation of the
equivalent depth in the unconfined configuration was reachedusp catastrophe, the top sheet is the liquid phase and the
at ~101°W/cn2® ie., at a laser power density that is bottom sheet is the gaseous phase: the two catastrophes are
higher by two orders of magnituden the silicon target that boiling and condensation. The vertex of the cusp is the criti-
has Ty of ~2638 K or about 2500 deg lower boiling tem- cal point at which liquid and gas exist simultaneot&I§?
perature than tantalum and molybdenum The calculations of Gros$&have shown that superheat-

b. Blast-wave generation by the plasma-disk explosiéve  ing may in principle occur for all metals, but that the spin-
plasma cloud above the target surface becomes highly ioredal curve for some of them is flat rather than cusplike.
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performed by Geohedfl,Lu et al,?° and Pakhomoet al®

have shown that monoatomic species have a relatively small
velocity ~200-500 m/s, whereas clusters and particulates
reach an~10 times higher velocity of~1-6 km/s® The
existence of clusters and particulates, in addition to mono-
atomic vapor of the ablated material, requires a few different
models of condensation appropriate for every type of par-
ticles, thus complicating the interpretation of d%ladupen-
dentet al,* who studied the particulate formation from Al
Cu, Fe, VY, ..., tagets, noticed that Al and Y demonstrated
much higher particulate density compared with Fe, Cu, and
Au. They could not find a correlation with the thermal prop-
erties of these elements either.

The formation of nanoaggregates from laser ablation is a
phenomenon observed in many caSebyt still not com-
pletely understood. As pointed out by Anisimov and
Luk’yanchuk?’ we are dealing with the kinetics of ultrafast
phase transformation of the first order, and the cooling rates
in the vapor expansion that reacht4910' K/s, the rate not
FIG. 4. SEM micrograph of the porous surface of the Mo target made by asery common in classical physics, and a strongly nonlinear
Q-switched Nd:_YAG laser s_howing details of the_ structure. A regular ar-nhenomenon. Since the experiments are very difficult to per-
rangement of circular holes is observed on the circumference of a drople!? . . . .
like object, the origin of which is not known. orm, the theoretical modelin@nalysi$ of condensation dy-

namics is based on the work of RaiZeand Zeldowich and
Raizer'® who developed the theory of ultrafast condensation

However, for refractory metaldi, Ta, Mo, W, ...) the cusp of expanding vapofZR theory. In the case of a two-phase
is large, and superheating may reach eveh10° K. At the vapor-liquid system, free of large clusters and particulates, a

spinodal, the system is in the region of absolute thermod single model of condensation is appropriate for the descrip-
namic instability, where the thermal conductiviky—0 and 9 bprop P

the specific heaE,— .>® Fluctuation, which plays a crucial tion of redeposited material on the target §urf%170e.

. p - . . Based on the first-order phase transition, the ZR theory
role, triggers the transition from superheated spinodal fluid u . N
. - _Introduces the “supercooling parameter
into vapor through abrupt homogenous bubble nucleation
and PE. 0= (Teq_ T)/Teq1 (14)

The deep phase explosion of the spinodal fluid down to the main parameter in dvnamic vapor condensation. th
~10 um into the surface indicates a transition from “planar” as the main paramete ynamic vapor condensation, the

to “volume” boiling, which is not a well-elucidated problem scenario of which comprises two stefig:formation of criti-

from the aspect of the phase diagram or from the aspect Oqal nuclei in the vapor phase afit) growth of supercritical

surface dynamics and the corresponding morphology. Ulpuclel. In the above relatiori, =vapor temperature, aritk

trafast cooling at the rate 10° K/s associated with the pulse IS thg e.?tl.““b;'#m templeratur<tahalon% thftb'n?aal't dth
termination causes that surface morphology comprising cav- mitling the complex mathematical treatment and theo-

erns stays frozen permanently, thus making possilgeste- retical aspectgsee Ref. 2J we brlefly summarize the pro-
riori study. cess from the phenomenological point of view. The process

of dynamical vapor condensation is associated with three
types of waves simultaneously propagating from the periph-
ery to the center of the sp@ﬁ:

B. Nanoscale morphology

1. Nanoaggregates .
gareg (@ the vapor saturation wave,

The scanning electron microscop$EM) analysis of & ()  the wave of nuclei injectiorithe critical nuclei are in-
porous target surface does not indicate the existence of large  jected into the saturation vapor at the instant of time
clusters or particulates after backward reflection from the when supercooling reaches maximym
cover plate. The nanoscale aggregates of condensed mong; the vapor quenching wavéhe particle collisions in
atomic vapor of~100-200 nm in size at the surface of mi- vapor terminate at some stage of the progess
croscale caverns can be seen in Fig. 4. Some of the aggre-
gates are dense compact structures with chainlike or closed- For a plausible interpretation, we adopt this ZR scenario
loop segments, formed by condensation from the vapowithout specific details which are not yet clear even for the
phase. “open configuration” experiments. We concentrate on the

On the other hand, the PE in the unconfined configuracharacteristics of nanoaggregates that can be determined
tion, in which the laser beam directly illuminates the targetfrom micrographgsee Figs. 57
(in vacuum or in the low-pressure atmosphergects large Visual inspection indicates that nanoaggregates adsorbed
clusters(~100 nm and particulate$>100 nm, in addition  on the convex and concave parts of the porous surface are
to atomized target species, as observed by masself-similar fractal structures, very similar to diffusion-
spectrometric studie€:®” The time-resolved measurements limited aggregatesDLASs). In this process, the monomers
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FIG. 5. SEM micrograph showing a fine structure of nanoaggregates oFIG. 7. SEM micrograph at very large magnification shows 3D aggregates
~100-150 nm in size, redeposited by ultrafast condensation from the vapasn tilted molybdenum sample.
phase.

. Another t f t hainlik t
start from far away and cifuse by a random-walk process, ool e “ee et magnification of which re-
(Brownian trajectory. The wandering monomers stick to the P ' 9 9

growing aggregate when they reach it. The fractal dimensio Yeals the similarity with cluster-cluster aggrega(@CAs),

which is the measure of how the aggregate fills the space f€scribed by the Meakin—Julien mod@(This model not _
occupies, is determined from the correlation functionOnly describes the chain-aggregate growth but also explains
C(r),32 the chain-aggregate compactification. This two-step model

-d comprises diffusion in the first step, and readjustment of the

C~r=%, (15 structure in the second step. Readjustment by one rotation
where D is the Euclidean dimensiofD=2) and d is the does not lead to the formation of a loop, while the readjust-
fractal dimension of the aggregate. By using the standaréent by two rotations leads to the true loop, thus increasing
box counting method on a few aggregates, it was found thahe local aggregate compactification. This model shows that
d=1.73-1.76, in good agreement with the prediction of theboth the Brownian and linear trajectories result in the local
DLA model d=1.75%2* compactification on length scales of a few particle diameters.
The compactification increases further with the presence of
the two rotations in the second sﬁé“’pDepending on the
diffusion mechanisnistep 1 and the rearrangemetstep 2,
the fractal dimension calculated from the modehig.552°
which is somewhat lower than that found from the micro-
graph,d=1.58-1.60.

Therefore, the effects of the chain mobility result in ag-
gregates becoming considerably more compact on a very
short-range scale, whereas the fractal dimension which char-
acterizes their structure on a large length scale is increased
only slightly>®

The SEM analysis of tilted samples reveals that all ag-
gregates are three-dimension@D) objects. Figures 6-8
show that the shape and size of these aggregates are very
similar to 3D aggregates of CCA of colloidal gold, as re-
ported by Weitz and Huant],Feder”® and Carriereet al,**

- but also to aggregates of iron, zinc, and nickel, as well as to
> * g ’lloo m. aggregates of Ta oxidé:*® The nsLMIs do not offer the
possibility of in situ studying the growth of 3D aggregates;

FIG. 6. SEM micrograph showing a fine nanoscale structure of a t”tedhowever, we estimate their fractal dimension to be in the
molybdenum sample. A 3D structure of nanoaggregates resembles the frac-

tal DLA and CCA clusters. Notice that large clusters and particulates are notange ofd~2.2-2.5, in agreeme-nt with the dimension of
present in this case. DLAs and CCAs reported in the literature.
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(i) redeposition of monoatomic vapor and formation of
3D aggregates which strongly resemble fractal DLA
or CCA clusters and

(i)  formation of nanoholes on spherical surfaces, the ori-
gin of which is not presently clear and requires further
study.

The LMI experiments in a semiconfined configuration
performed on various target materials offer the possibility of
studying spinodal fluid behavior, the cascade transition from
the metastable to the stable vapor phase, and the ultrafast
dynamic condensation of vapor into nanoaggregates, the
problems which in nsLMIs are not yet completely under-
stood.

.stormlngme 1a.us/cgi-nin/keyworas.porous metals
fww, i dia.us/cgi-bin/k d |
www.mri.psu.edu/conferences/sint03/pdf/myers_3 10.pdf
www.metalfoam.net/commercial.html
2. Sotirchos and V. Burganos, MRS Bulp4, 41 (1999.
33. Morooka and K. Kusakaki, MRS BulR4, 25 (1999.
FIG. 8. SEM micrograph showing a fine nanoscale structure of a tilted “G. Pezo, A. Karaks, Z. Paszti, L. Guczi, T. Divinyo, and A. Joob, Appl.
molybdenum sample. Very large magnification reveals nanoholes of Surf. Sci. 186, 7 (2002; www.medicine.com/orthoped/topic610.htm
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